4-Phenylbutyrate relieves ER stress and blocks adipogenesis
panded in order to accommodate the fl ux of de novo proteins into the ER for folding and secretion ( 9 ) . Since differentiating adipocytes are also highly secretory in nature and are metabolically active ( 3 ), we hypothesized that UPR activation and upregulation of ER chaperones is a critical process that contributes to effi cient adipocyte differentiation. Thus, a physiological form of ER stress/UPR activation may be required for adipocyte differentiation in order to allow the cell to cope and adapt to an increased ER folding demand. Furthermore, mice with higher levels of ER stress have an increased rate of weight gain and obesity on a high-fat diet ( 10, 19 ). Hence, we tested the effect of 4-phenylbutyrate (4-PBA), a well-established chemical chaperone and inhibitor of ER stress, on adipogenesis and weight gain in a diet-induced obesity mouse model.
Many recent reports demonstrate that 4-PBA has chaperone properties and by stabilizing protein conformation in the ER, it can repress ER stress/UPR activation in vitro and in vivo ( 14, 19, (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) . 4-PBA was found to restore glucose homeostasis, enhance insulin sensitivity, and decrease fatty liver disease in the diabetic ob/ob mouse model ( 14 ) . More recent studies identifi ed the ability of 4-PBA to enhance leptin sensitivity in vitro and in obese mice by decreasing ER stress-mediated leptin resistance ( 19 ) . However, the effect of chemical chaperones, such as 4-PBA, on adipogenesis and diet-induced weight gain has not been investigated. In this study, murine 3T3-L1 cells were used to examine UPR activation during adipocyte differentiation. Our in vitro fi ndings demonstrate that 4-PBA attenuates UPR activation that occurs during 3T3-L1 adipogenesis and prevents their differentiation. We also demonstrate that 4-PBA reduces the expression of the ER chaperone GRP78 in the adipose tissue of mice and decreases weight gain and fat mass, leading to decreased plasma glucose, triglycerides, adiponectin, and leptin levels in a dietinduced obesity mouse model. Importantly, these studies provide a solid foundation for the development of therapeutic approaches aimed at targeting the UPR to reduce the risk of obesity and its complications.
MATERIALS AND METHODS

Cell culture and adipocyte differentiation
3T3-L1 cells were purchased from ATCC and cultured in 5% CO 2 at 37°C. Cells were replaced in growth media consisting of DMEM (Invitrogen), 10% FBS (Invitrogen), 2 mM L -glutamine (Sigma), 50 units/ml penicillin, and 50 g/ml streptomycin (Sigma). For differentiation experiments, 3T3-L1 preadipocytes were allowed to reach confl uence and cultured with stimulation/ differentiation media consisting of growth media supplemented with MDI (0.5 mM 3-isobutyl-1-methyl-xanthine, 250 nM dexamethasone, and 10 µg/ml insulin; Sigma). After 2 days in stimulation media, cells were placed in poststimulation media containing DMEM, 10% FBS, and 5 µg/ml of insulin. Media were changed every 2 days until cells were lysed for Western blotting or fi xed for Oil red O staining. Xbp1
Ϫ / Ϫ and wild-type mouse embryonic fibroblasts (MEFs) were a kind gift from Dr. Randal Kaufman (University of Michigan). Differentiation was induced using stimulation media with the addition of 5 µM rosiglitazone (Cayman Chemicals) for the initial 48 h.
metabolically active adipocytes capable of synthesizing and secreting a number of hormones and cytokines ( 3, 6, 7 ) . There is some evidence suggesting that obesity may be a disease related to endoplasmic reticulum (ER) dysfunction (8) (9) (10) (11) . It has been reported that defective ER signaling in the obese state leads to the retention and accumulation of proteins that are normally susceptible to ER-associated degradation ( 8, 9 ) . The oxidizing environment of the ER provides ideal conditions for membrane proteins as well as secretory proteins to fold into their native conformation ( 12 ) . However, ER stress occurs when the homeostatic environment of the ER is disrupted due to adverse physiological conditions, such as nutrient deprivation, hypoxia, or viral infection, leading to the accumulation of unfolded or misfolded polypeptides in the ER lumen ( 9, 10, 13 ) . The majority of cells cope with the increased ER load by activating the unfolded protein response (UPR), an integrated signal transduction pathway consisting of three distinct mediators, inositol requiring enzyme 1 (IRE1), PKR-like ER kinase (PERK), and activating transcription factor 6 (ATF6). Activation of these mediators leads to translation attenuation, clearance of misfolded proteins through ER-associated degradation, increased ER folding capacity, and the upregulation of ER chaperones that assist in protein folding ( 9 ) .
The reasons for ER stress and UPR activation in the obese state are not fully understood. ER stress has been linked to conditions such as hyperinsulinemia ( 14 ) and hyperglycemia ( 10, 15 ) , both of which can promote adipocyte differentiation and weight gain ( 1, 4 ). Furthermore, nutrient imbalance, excessive lipid storage, and insulin resistance in the hypertrophied adipocyte can lead to ER stress and UPR activation ( 5, 11 ) . Several studies have reported that there is upregulation of ER stress markers such as GRP78 (glucose-regulated protein of 78-kDa), phospho-PERK, and phospho-eIF2 ␣ ( ␣ -subunit of eukaryotic translational initiating factor 2) in adipose tissue, liver, and hypothalamus of obese mice, indicative of ER stress in these tissues ( 10, 14, (16) (17) (18) (19) . Recent human studies have also demonstrated increased ER stress in adipose tissue from both obese insulin-resistant subjects ( 20 ) and obese nondiabetic subjects ( 21 ) . Furthermore, examination of liver and adipose tissues of obese subjects after weight loss provided evidence of reduced ER stress in these tissues ( 22 ) . While a direct link between ER homeostasis and transcriptional regulation of metabolic genes such as C/EBP ␣ in the context of fatty liver disease has been established ( 17, 23 ) , the role of ER stress in adipogenesis and weight gain has not been fully explored. In a recent study, the PERK pathway was shown to be required for lipogenesis and adipogenesis ( 24 ) . X-box binding protein 1 (XBP1), a transcription factor upregulated by ATF6 and spliced by the IRE1 pathway ( 25 ) , and phosphorylation of eIF2 ␣ , which occurs downstream of the PERK pathway, were shown to regulate lipogenesis in the liver ( 17, 26 ) . However, little is known about the role of these UPR pathways in adipogenesis and adipose tissue biology. The ER of cells with a high secretory capacity, such as hepatocytes, plasma B cells, and pancreatic ␤ cells, is well developed and ex-exposed to imaging fi lm (Kodak Biofl ex Econo Scientifi c) and developed using a Kodak X-OMAT 1000A Processor.
For Western blotting using mouse liver or epididymal adipose tissues, frozen tissue was directly homogenized in SDS lysis buffer containing protease inhibitors using a tissue homogenizer. The samples were then centrifuged for 10 min at 10,000 rpm, and the clear protein layer was carefully removed and used for Western blotting.
ELISA and cytometric bead array mouse infl ammation assay
A mouse adiponectin ELISA kit (R & D Systems) was used to assay secreted adiponectin from cultured 3T3-L1 cells and in mouse plasma. Mouse insulin and leptin ELISA kits (Linco Research) were used to detect insulin and leptin in mouse plasma. Infl ammatory markers were measured in mouse plasma using the Cytometric bead array mouse infl ammation kit (BD Biosciences). Assays were performed as per the manufacturer's protocol. All samples were measured in triplicate.
Mouse studies
Seventeen, 5-6 week old female C57BL/6 mice (Charles River Laboratory) were housed in mouse cages and allowed to acclimatize for at least 1 week. A high-fat diet (21.2% fat by weight and 40% kcal from fat) was purchased from Harlan Teklad (88137). Pharmaceutical-grade 4-PBA sodium salt was purchased from Scandinavian Formulas. 4-PBA is soluble in water and thus was added to the drinking water fresh every week. At 10-11 weeks of age, all mice were fed ad libitum on the high-fat diet with or without 4-PBA supplementation for 120 days. Mice were fed a high-fat diet without (n = 8) or with (n = 9) 1g/kg/day of 4-PBA supplemented in the drinking water. Food and water intake measurements were made, and all of the mice were weighed at least once a week. Mice were anesthetized after 120 days using 4% isofl urane. Blood samples were collected for plasma glucose, cholesterol, and triglyceride measurements (Infi nity Thermo Electron kit), as well as insulin, adiponectin, and leptin measurements using ELISA methods. Following cervical dislocation, epididymal fat pads and liver were collected for further study and analysis. None of the mice became ill or died as a result of the treatment. All procedures were approved by the McMaster University Animal Research Ethics Board.
Histology and adipocyte cell sizing
Liver and epididymal fat pads were fi xed in formalin and paraffi n embedded. Four micrometer sections of epididymal adipose tissue were deparaffi nized and mounted unstained. Using 10× magnifi cation, 5-10 representative images of each slide were captured and analyzed for cell size measurements (area in pixels) as described by Sauter et al. ( 43 ) using the computer imaging program ImagePro. For each group, 4-5 mice were included in the mean cell size and histogram analysis and a minimum of 500 cells were counted and sized. For morphological analysis of the liver sections, hematoxylin and eosin staining was performed, and representative images were obtained.
Mac-3 immunohistochemistry. Four micron thick sections were deparaffi nized, and endogenous peroxidase activity was blocked with 0.5% H 2 O 2 in methanol for 10 min. Sections were blocked with 5% normal rabbit serum, antigen heat-retrieved in citrate buffer at pH 6.0, and incubated with a rat anti-Mac-3 antibody (Pharmingen), diluted at 1:2,000. This was followed by a biotinylated rabbit anti-rat antibody, mouse adsorbed (Vector Laboratories) at a 1:500 dilution. Following streptavidin-peroxidase (Zymed), sections were developed in Nova Red peroxidase sub-
Treatment of cells with ER stress inhibitors. Cells were cultured
in stimulation/differentiation media on day 0 and treated with 1-20 mM 4-PBA, 0.1-2 mg/ml of tauro-ursodeoxycholic acid, or 5-100 µM salubrinal (Calbiochem). On day 2, media were changed to poststimulation media with readdition of the chemical chaperone unless otherwise specifi ed.
Oil red O staining and lipid quantifi cation
Staining of cells with Oil red O. Adherent cells were washed once with PBS and fi xed with 3.7% formaldehyde. Oil red O solution, prepared as previously described by Kuri-Harcuch and Green ( 41 ) , was added to the wells and incubated for 1 h at room temperature. The solution was removed and the plates were washed with distilled water. Images were taken using a Leica DM1L microscope equipped with a Canon PC1192 Powershot S31S camera.
Lipid quantifi cation. The Oil red O stain was removed and quantifi ed as described previously ( 42 ) . Equal volumes of 60% isopropanol were added to the culture dishes to destain the fi xed cells. The solution containing the Oil red O stain was collected, and absorbance was measured at 510 nm using a spectrophotometer (SpectraMAX Plus, SOFTmax Pro 4.0).
Metabolic protein labeling
To assess de novo protein synthesis, 3T3-L1 cells were grown to confl uence (day 0) and washed with cysteine/methionine-free DMEM. Cells were then treated with 2 µCi/ml of L -[ 35 S]methionine (Perkin-Elmer) in cysteine/methionine-free and serum-free DMEM for 4 h at 37°C. The cells were washed and cultured in cysteine/methionine-free media overnight. The next day, the media were collected and frozen (for analysis of labeled secretory proteins), while total protein lysates were collected in SDS-lysis buffer for autoradiogram analysis of total labeled protein content. Experiments were repeated on days 2 and 7 of differentiation. Counts per minute were measured using a scintillation counter (Beckman LS 6000LL).
Cell lysis and protein isolation
Cells in culture dishes were washed twice with ice-cold PBS. SDS-lysis buffer (60 mM Tris-Cl, pH 6.8, 12.8% glycerol, and 2.05% SDS) containing protease inhibitors (Roche) was added to the cells. The cells were then scraped off and the lysates were frozen at Ϫ 20°C.
Western blotting
Total protein concentration in each sample was measured using the Lowry protein assay kit (Bio-Rad). Equivalent amounts of protein lysates were separated on SDS-PAGE mini gels, transferred to nitrocellulose membranes, and incubated with primary antibodies for 2 h with gentle shaking at room temperature or overnight at 4°C. The following primary antibodies were used and diluted as per the manufacturer's recommendations: mouse anti-PPAR ␥ (Upstate), rabbit anti-calreticulin (Affi nity Bioreagents), rabbit anti-phospho-eIF2 ␣ , rabbit anti-GAPDH (Cell Signaling), mouse anti-KDEL, rabbit anti-protein disulfi de isomerase (PDI), rabbit anti-NF B (Stressgen), mouse anti-GRP78 (BD Transduction), mouse anti-GADD153/C/EBP homologous protein (CHOP), rabbit anti-eIF2 ␣ , rabbit anti-XBP-1 (Santa Cruz), rabbit anti-peroxiredoxin1 (Enzo Lifesciences), and mouse anti-␤ actin antibody (Sigma). The membranes were incubated for 1 h with either anti-mouse or anti-rabbit horseradish peroxidase IgG secondary antibodies (DAKO EnVision). Chemiluminescence detection using Western Lightning Chemiluminescence Reagent plus (Perkin Elmer) was performed. Membranes were by guest, on January 18, 2018 www.jlr.org Downloaded from 4-Phenylbutyrate relieves ER stress and blocks adipogenesis strate (Vector Laboratories) and counterstained with hematoxylin. Pictures were taken with a Laborlux S microscope (Leitz) equipped with an Olympus DP70 digital camera.
Hepatic triglyceride and cholesterol ester quantifi cation
Frozen liver tissue (140 mg) was homogenized in a tissue grinder using buffer containing 10 mM HEPES, 20 mM MgCl 2 , 10 mM ␤ -mercaptoethanol, and 0.5% Triton X-100, at pH 7.0. Hexane/isopropanol (3:2, v/v) was added to each liver homogenate in glass tubes. The samples were spun down at 3,500 rpm for 3 min, and the organic layer was carefully removed. The hexane/ isopropanol extraction was repeated three times, combining the organic phases in one tube. Following evaporation of the organic phase, triglyceride and cholesterol ester concentrations (mg/ ml) were measured using the triglyceride assay kit (Infi nity Thermo Electron) or Chol-E kit (Wako Diagnostics).
Statistical analyses
Statistical analyses were performed using Student's t-test assuming unequal variance and two-tailed distribution unless otherwise specifi ed. Statistical signifi cance was defi ned when P < 0.05. All results are presented as mean ± SD unless otherwise indicated.
RESULTS
Lipid accumulation and adiponectin secretion increase during adipocyte differentiation
3T3-L1 cells accumulate a signifi cant amount of lipid droplets, as visualized by Oil red O staining, starting on day 4 of differentiation, gradually increasing their lipid content as they differentiate ( Fig. 1A ). Quantifi cation of the Oil red O staining allowed for measurement of the extent of lipid accumulation as measured in Fig. 1B . Consistent with these fi ndings, a signifi cant and robust increase in the secretion of adiponectin (adipocytokine marker of differentiated cells) was observed in the culture media on days 4 and 7 of differentiation ( Fig. 1C ) .
Markers of ER stress/UPR activation increase during adipocyte differentiation with increased de novo protein synthesis
To demonstrate that differentiating adipocytes are metabolically active, de novo protein synthesis was studied during 3T3-L1 differentiation. As seen in Fig. 2A , day 7 differentiated 3T3-L1 cells showed a signifi cant increase in the secretion of 35 S-radiolabeled proteins into the culture media, as compared with preadipocytes. Consistent with these fi ndings, autoradiogram of whole-cell lysates indicated an overall increase in the number and intensity of protein bands in day 7 cells ( Fig. 2B ) , suggesting an increase in de novo protein synthesis following differentiation.
The expression of PPAR ␥ , the master regulator of adipogenesis, increased by day 5 of differentiation ( Fig. 2C ) , consistent with the increase in adiponectin secretion and Oil red O staining. Markers of UPR activation, including the ER chaperones GRP78, PDI, and calreticulin (data not shown), as well as CHOP, phospho-eIF2 ␣ , and spliced XBP1, were also differentially expressed during adipocyte differentiation ( Fig. 2C ). The increase in GRP78 levels observed in the later stages of differentiation coincides with the increased de novo protein synthesis in day 7 cells ( Fig.   Fig. 1 . Lipid accumulation and adiponectin secretion increase during adipocyte differentiation. A: Lipid accumulation increases with differentiation of 3T3-L1 cells. 3T3-L1 cells grown to confl uence were differentiated in growth media containing MDI. Cells were washed in PBS, fi xed with 3.7% formaldehyde, stained with Oil red O for 1 h, and photographed on day 0 (preadipocytes) and days 4, 7, and 14 of differentiation. B: Quantifi cation of Oil red O staining in differentiating 3T3-L1 cells. Oil red O was extracted from the cells using 60% isopropanol and collected, and the absorbance was measured at 510 nm from cells on days 0, 4, 7, and 14 of differentiation ( *P < 0.0005, **P < 0.00001 compared with day 0; n = 3). C: Adiponectin secretion from 3T3-L1 cells increases significantly following differentiation. 3T3-L1 cells were grown to confl uence and cultured in differentiation media. Media were collected on days 0, 2, 4, and 7, and adiponectin levels were measured using ELISA. Concentrations in the samples were determined using a standard curve (* P р 0.000001 compared with day 0; n = 3). ( Fig. 3B ). To confi rm that adipogenesis was blocked in the presence of 4-PBA, adiponectin secretion into the media was measured, and a signifi cant dose-dependent reduction in adiponectin concentration was observed in cells treated with 4-PBA, as compared with untreated day 5 cells ( Fig. 3C ) . To exclude the possibility that the reduction in adipocyte differentiation and adiponectin secretion was due to cytotoxicity imposed by 4-PBA treatment, an LDH release/cytotoxicity assay was performed and the result confi rmed that 48 h of 10 mM 4-PBA treatment was not toxic to 3T3-L1 cells ( Fig.  3D ) . Additionally, 4-PBA itself did not interfere with the LDH release assay (data not shown).
2A, B )
. Expression of spliced XBP-1 and phosphorylation of eIF2 ␣ , which are downstream of the IRE-1 and PERK pathway, respectively, peaked around day 3, while CHOP followed a biphasic pattern of expression with increased levels in the later stages of differentiation.
The chemical chaperone 4-PBA inhibits adipogenesis and blocks UPR signaling
We sought to block ER stress/UPR signaling during adipogenesis to determine whether activation of the UPR pathways is required for adipocyte differentiation. Treatment of 3T3-L1 cells with the chemical chaperone and ER stress inhibitor 4-PBA on day 0 over a period of fi ve days dose-dependently inhibited differentiation and lipid accumulation in 3T3-L1 cells as compared with untreated control cells ( Fig. 3A ) . Similar dose-dependent inhibitory effects on differentiation were observed using another Fig. 2 . UPR activation correlates with increased de novo protein synthesis during adipocyte differentiation. A: Differentiating 3T3-L1 cells display increased de novo protein synthesis and secretion. 3T3-L1 cells on days 0, 2, and 7 of differentiation were cultured for 4 h in cysteine/methionine-free media containing 35 S-methionine, washed, and incubated overnight in cysteine/methionine-free media. Media were collected the next day, and counts per minute of radioactivity were measured using a scintillation counter (* P р 0.001 compared with day 0; n = 3). B: Total protein lysates from the 35 S-labeling experiment were collected, and equivalent concentrations were loaded onto a 10% SDS polyacrylamide gel. The gel was subsequently dried and exposed to X-ray fi lm for 48 h. The autoradiogram is shown here. C: Upregulation of ER stress/UPR markers occurs during 3T3-L1 differentiation. Cells were allowed to differentiate up to 14 days, and total protein lysates were collected in SDS lysis buffer at various time points. Protein was quantifi ed using a Lowry protein assay, and equivalent amounts (30 µg) of protein were loaded into each well. Western blotting was performed to detect the following ER stress/UPR markers: GRP78, PDI, spliced and unspliced XBP1, phosphorylated and total eIF2 ␣ , and CHOP. Blots were also probed for PPAR ␥ (marker of adipocyte differentiation) and ␤ -actin to control for protein loading. Following extraction and collection of Oil red O in isopropanol, absorbance was measured at 510 nm ( *P < 0.001 compared with control; n = 3). C: Adiponectin secretion of 3T3-L1 cells is inhibited by 4-PBA. Media were collected on day 5 of differentiation, and adiponectin levels were measured using an ELISA ( *P р 0.0005, **P р 0.00001 compared with control; n = 3). D: 4-PBA treatment is not cytotoxic to 3T3-L1 cells. Confl uent 3T3-L1 cells were treated with 1 or 10 mM 4-PBA in 1% FBS media for up to 48 h. Media were collected, and LDH release was measured ( *P < 0.0005; n = 3). E: Downregulation of UPR markers in 3T3-L1 cells following treatment with 4-PBA. Confl uent 3T3-L1 cells were treated with 1 or 10 mM 4-PBA. After 24 h, total cell lysates were collected and run on a 10% SDS polyacrylamide gel. Antibodies against KDEL (to detect GRP78 and GRP94), calreticulin, phospho-eIF2 ␣ , or ␤ -actin were used for Western blotting. F: Differentiation of 3T3-L1 cells in the presence of 4-PBA suppresses GRP78 expression. 3T3-L1 cells were stimulated to differentiate in the presence or absence of 10 mM 4-PBA. Protein was collected on day 0 (confl uent cells with no 4-PBA treatment) or days 1, 2, 4, and 6 of differentiation, and Western blotting was used to detect GRP78, CHOP, phospho-eIF2 ␣ , and spliced XBP1. As a loading control, the membrane was probed for ␤ -actin. Fig. 2C , day 3 onwards) , 3T3-L1 cells were treated with 10 mM 4-PBA during various stages of adipogenesis. As shown in Fig. 5A , cells that were treated with 4-PBA during the entire timeframe of the experiment (days 0-10) remained fi broblast-like with very little/undetectable lipid droplet formation. Adipocyte differentiation as measured by lipid accumulation was reduced regardless of when the cells were exposed to 4-PBA ( Fig. 5A, B ) . Treatment with 4-PBA during days 0-2 with removal of the drug during days 2-10 allowed for some adipogenic conversion and lipid accumulation. Similarly, treatment with 4-PBA during the mid-stages of adipocyte differentiation (days 2-6) and its removal on day 6 allowed for further differentiation to occur between days 6 and 10. The reduction in Oil red O staining on day 10 of the experiment was signifi cant with all of the different treatment conditions compared with control untreated day 10 cells ( Fig. 5B ) . These fi ndings demonstrate that the effect of 4-PBA is reversible once it is washed out and that the reduction in basal levels of UPR markers during early stages (days 0-2) can also impact on the rate of adipogenesis. However, when the initial 4-PBA treatment occurred from days 2-6 or 6-10, it had the most pronounced effect on lipid accumulation ( P < 0.05 as compared with days 0-2 treatment). These data suggest that the inhibitory effect of 4-PBA is not specifi c to or dependent on any critical event during adipocyte differentiation but that its inhibitory effect on adipogenesis is related to the period of time when UPR activation occurs (about 3 days following the onset of differentiation).
Given that rosiglitazone, a potent PPAR ␥ agonist, can accelerate adipocyte differentiation, we investigated whether driving this process using rosiglitazone could override the effect of 4-PBA on adipocyte differentiation or vice versa. Supplementary Fig. IVA demonstrates that a combination of 10 mM 4-PBA and 4 µM rosiglitazone treatment from days 0-5 of differentiation leads to a mixed cellular phenotype. The cells acquired the rounded phenotype similar to that of day 5 control or 4 µM rosiglitazone treated cells; however, the extent of lipid accumulation was significantly reduced (see supplementary Fig. IVB) . Rosiglitazone treatment alone increased the secretion of adiponectin compared with control day 5 cells as expected, but cotreatment with 4-PBA signifi cantly reduced adiponectin secretion from 3T3-L1 cells. Importantly, adiponectin secretion from the co-treated cells was greater than the 4-PBA treated cells (see supplementary Fig. IVC) . These results suggest that the presence of the PPAR ␥ -agonist rosiglitazone can partially rescue the inhibitory effect of 4-PBA on adipocyte differentiation. Western blotting results in supplementary Fig. IVD showed that 4-PBA-treated adipocytes at day 5 had blunted expression of GRP78 and GRP94. Rosiglitazone treatment, on the other hand, increased these chaperone levels compared with day 5 control protein lysates. However, rosiglitazone was not found to be an ER stress-inducing agent, as it did not upregulate GRP78/GRP94 levels (data not shown). The increase in GRP78 and GRP94 expression observed in differentiating day 5 cells is therefore most likely to be associated with accelerated adipogenesis
media). The basal expression of GRP78, GRP94, phospho-eIF2 ␣ , and calreticulin was reduced with 10 mM 4-PBA treatment ( Fig. 3E ). This confi rmed that 4-PBA results in attenuation of UPR signaling and ER stress in 3T3-L1 cells over 24 h. Importantly, differentiation of 3T3-L1 cells in the presence of 10 mM 4-PBA not only blocked adipogenesis ( Fig. 3A ) but also inhibited the increase in GRP78, CHOP, p-eIF2 ␣ , and spliced XBP1 expression that occurs during adipocyte differentiation ( Fig.  3F ) . The reduction in GRP78 expression with 4-PBA treatment was more evident on day 6 of differentiation when 3T3-L1 cells have elevated levels of endogenous GRP78. Surprisingly, CHOP, an ER stress marker and negative regulator of adipogenesis, was induced in the fi rst 24 h of 4-PBA treatment (data not shown). Knockdown of CHOP using small interference RNA was performed to determine whether upregulation of CHOP by 4-PBA is the underlying mechanism responsible for the inhibition in adipogenesis. Western blotting confi rmed effi cient knockdown of CHOP (see supplementary 
XBP1 defi ciency decreases adipogenesis
MEFs defi cient in PERK, one of the mediators of UPR signaling, have decreased lipogenic and adipogenic potential ( 24 ) . Given that XBP1 gene expression and splicing have previously been shown to be important for lipogenesis in the liver ( 26 ) and since splicing of XBP1 increases during adipogenesis ( Fig. 2C ) , we reasoned that defi ciency of XBP1 would impair adipogenesis. To illustrate this, Xbp1 Ϫ / Ϫ MEFs were stimulated to differentiate for 4 days and compared with wild-type MEFs. Oil red O staining on days 0, 2, and 4 of differentiation clearly demonstrated a signifi cant impairment in lipid accumulation in the Xbp1 Ϫ / Ϫ MEFs ( Fig. 4A, B ) . 
4-Phenylbutyrate relieves ER stress and blocks adipogenesis
mice fed a high-fat diet supplemented with 4-PBA showed a signifi cant resistance to weight gain starting at 63 days after commencing the experiment, while no difference in food intake was noted ( Fig. 6B ) . The weight of the epididymal fat pads refl ected the total weight of the animals ( Fig.  6C ) , with the 4-PBA supplemented mice having significantly lower epididymal fat mass.
To examine the effect of 4-PBA on adipocyte differentiation and cell size, adipose tissues were fi xed, paraffi n embedded, and sectioned for fat cell sizing as described previously ( 48 ) . Over 500 cells were sized for each mouse and at least four mice per group were included in the analysis. The histograms in Fig. 6D show the distribution of adipocyte cell sizes in the epididymal adipose tissue of mice supplemented with or without 4-PBA. The distribution was shifted to the left in the mice supplemented with 4-PBA, indicating an overall reduction in adipocyte size. Representative images of the cross section of the epididyin day 5 cells exposed to rosiglitazone. Interestingly, cotreatment with rosiglitazone and 4-PBA partially reversed the suppression of chaperone levels observed with 4-PBA treatment alone and led to an increase in GRP78 expression in day 5 3T3-L1 cells (see supplementary Fig. IVD) . Thus, the increased Oil red O staining and adiponectin secretion with rosiglitazone and 4-PBA co-treatment compared with 4-PBA treatment alone may possibly be due to increased UPR activation that is associated with enhanced adipocyte differentiation.
4-PBA supplementation of C57BL/6 mice fed a high-fat diet impairs weight gain and decreases epididymal fat mass and adipocyte size
To test the effect of 4-PBA on adipose tissue growth and weight gain in vivo, female C57BL/6 mice were fed a highfat diet for 120 days supplemented with or without 1 g/ kg/day of 4-PBA in the drinking water. As seen in Fig. 6A , 4-PBA modulates pro-infl ammatory cytokine expression, IL-12p70, TNF ␣ , IFN ␥ , MCP-1, and IL-6 were measured in the plasma samples ( Table 3 ) . No signifi cant differences in circulating cytokines were observed between the groups.
Mice supplemented with 4-PBA have decreased expression of GRP78 in the adipose but not liver tissue Given our observations in vitro, we sought to determine whether 4-PBA decreased body weight by inhibiting ER stress signaling/UPR activation in the adipose tissue. Western blot analysis of total adipose tissue lysates indicated that mice fed a high-fat diet supplemented with 4-PBA had lower expression of the ER stress marker GRP78 ( Fig. 7A ) . Protein band quantifi cation in Fig. 7B demonstrated that mice supplemented with 4-PBA had signifi cantly lower expression of GRP78 compared with the control group. In contrast to adipose tissue, GRP78 and calreticulin protein levels were unaffected in the livers of 4-PBA-treated versus untreated mice ( Fig. 7D ) . Furthermore, as expected with a high-fat diet, histological analysis revealed the presence of fatty liver in all mice. However, no differences in liver morphology ( Fig. 7E ) or extent of triglyceride or cholesterol ester accumulation were found with 4-PBA supplementation in C57BL/6 mice ( Fig. 7F ) . mal adipose tissue from the two groups of mice are shown in Fig. 6E . The mean cell size in the 4-PBA supplemented group was found to be signifi cantly smaller as demonstrated graphically in Fig. 6F . Since the epididymal adipose tissue weights were lower and mean adipocyte size was found to be smaller in 4-PBA-supplemented mice, it suggests that 4-PBA is potentially inhibiting the recruitment and differentiation of preadipocytes as well as preventing the hypertrophy of preexisting adipocytes in vivo.
Plasma glucose, triglyceride, adiponectin, and leptin levels decreased in mice supplemented with 4-PBA
To assess whether 4-PBA had a general effect on metabolic parameters, blood was collected at the end of the study and total plasma glucose, triglycerides, and cholesterol were measured in the fed state ( Table 1 ) . Plasma glucose concentrations were signifi cantly lower in the 4-PBA-supplemented mice. Mice fed a high-fat diet + 4-PBA also had a signifi cant decrease in triglyceride levels. However, cholesterol concentrations did not change following 4-PBA treatment. Although no signifi cant differences in plasma insulin levels were observed between the groups, both adiponectin and leptin levels were signifi cantly lower in the 4-PBA-supplemented mice, proportional to the reduced fat pad mass ( Table 2 ). To determine whether 6 . Effect of 4-PBA on weight gain and adipogenesis in mice fed a high-fat diet. C57BL/6 mice were fed a high-fat diet supplemented without (n = 8) or with 4-PBA (n = 9) at a dose of 1g/kg/day. A: Effect of 4-PBA on weight gain. Starting at day 63 and for the remainder of the study, mice supplemented with 4-PBA had signifi cantly lower body weights compared with controls ( *P р 0.05, **P р 0.01 compared with the mice supplemented with 4-PBA using a rank sum test of signifi cance; n = 8-9). B: Food intake measurements. No signifi cant difference in food intake was noted between the two groups. C: Effect of 4-PBA on epididymal fat mass. Epididymal fat pads were removed at the conclusion of the study and weighed. Mice on the high fat + 4-PBA diet had signifi cantly lower mean fat pad mass ( *P < 0.01 using a rank sum test of signifi cance; n = 8-9). D: Adipocyte cell size distribution from epididymal adipose tissue of C57BL/6 mice. The histograms represent the distribution of cell sizes in mice fed a high-fat diet with or without 4-PBA supplementation. The x axis represents the logarithm of cell sizes in pixels, while the y axis shows the frequency of a given cell size in the population of cells for each group of mice. E: Representative cross sections of epididymal fat pads. Images of the sectioned tissue were taken, and representative pictures from the two groups of mice are shown. F: Mean adipocyte size is reduced with 4-PBA supplementation. Mice fed a high-fat diet supplemented with 4-PBA had a signifi cant reduction in average cell size compared with the high-fat diet alone group (* P < 0.05). For average cell size measurements, n = 5 for the high-fat group and n = 4 for the high-fat + 4-PBA group. ing cell processes such as differentiation of B cells into antibody producing plasma cells (53) (54) (55) .
In this study, we report that a physiological form of UPR activation and the subsequent upregulation of ER chaperones occur during the process of adipogenesis. Expression of ER chaperones GRP78 and PDI increased during adipocyte differentiation. However, the expression of early markers of ER stress/UPR activation, such as phospho-eIF2 ␣ and spliced XBP1, peaked around day 3 and declined in the later stages of differentiation. Given that adipocytes synthesize and secrete large quantities of protein, it is likely that eIF2 ␣ is dephosphorylated in the late stages of adipogenesis to allow for effi cient protein synthesis to occur since increased or prolonged phosphorylation of eIF2 ␣ would prevent the synthesis of proteins necessary for cellular differentiation and metabolic homeostasis ( 17, 56 ) . In addition, the extent and duration of phosphorylated eIF2 ␣ and its downstream integrated stress response regulate PPAR ␥ , C/EBP ␣ , and ␤ expression ( 17, 57, 58 ) , which are pivotal transcription factors in adipogenesis. The transcription factor XBP1, on the other hand, is downstream of the IRE1 pathway and has been shown to be involved in hepatic lipogenesis ( 26 ) . While there was an increase in spliced XBP1 during differentiation, it is unclear why the expression of both the spliced and unspliced forms of XBP1 decreased in the late stages of adipogenesis. In contrast, CHOP exhibited a biphasic pattern of expression, a fi nding consistent with a microarray analysis of 3T3-L1 cells ( 59 ) . This fi nding is reasonable given that CHOP is a known negative regulator of adipogenesis ( 60 ), and early upregulation of CHOP following treatment with ER stressinducing agents can block this process ( 61 ) . While changes in the adipocyte during differentiation, such as alterations in the expression of specifi c transcription factors and kinases, may be modulating the UPR response, another potential underlying stimulus is the increased de novo protein synthesis and secretion that occurs in the mature adipocyte. Activation of the UPR primes the cell for the increased demand on the ER for proper folding and secretion of proteins. Therefore, an increase in ER chaperone expression would enable the cell to cope as it differentiates into a mature, metabolically active adipocyte. Since UPR activation occurs during adipocyte differentiation and adipogenesis is triggered during weight gain, mechanisms that relieve ER stress in the dysfunctional adipose tissue could be useful pharmacological strategies for preventing weight gain and obesity comorbidities. Thus, we explored the effect of an ER stress inhibitor, 4-PBA, on adipogenic conversion of 3T3-L1 cells and weight gain in a high-fat diet-induced obesity mouse model.
A number of studies have previously demonstrated that the low molecular weight fatty acid, 4-PBA, can act as a chemical chaperone, assisting with protein folding and thus relieving the cell of ER stress ( 14, 27-32, 62, 63 ) . In this study, we demonstrated that 4-PBA can attenuate ER stress/UPR activation by decreasing the expression of GRP78, phospho-eIF2 ␣ , and spliced XBP1 in 3T3-L1 cells and attenuating adipogenesis. The observation that 4-PBA modulates lipid accumulation at any stage of the differenGiven that infl ammation plays an important role in the pathogenesis of obesity (49) (50) (51) (52) , macrophage infi ltration into the adipose tissue was assessed using immunohistochemical staining with a Mac-3 antibody. As shown in Fig. 7C , no differences in the extent of macrophage infi ltration or crown-like structures were noted between the two groups of mice. Furthermore, Western blotting was performed to examine the effect of 4-PBA on infl ammation or oxidative stress in 3T3-L1 cells as well as in the liver and adipose tissue lysates. As shown in supplementary 
DISCUSSION
Currently, there are two forms of UPR activation: acute and chronic/physiological. The acute form of the UPR occurs in response to adverse physiological conditions such as hypoxia, hyperglycemia, or viral infection that lead to ER stress. At the tissue level, nutrient excess, chronic infl ammation, hypoxia, oxidative as well as mechanical stress due to adipocyte hypertrophy within the adipose tissue of obese individuals may lead to ER stress ( 11 ) . This form of acute ER stress could adversely affect adipose function and contribute to type 2 diabetes, insulin resistance, leptin resistance, and lipotoxicity ( 10, 11, 19 ) . The latter type of UPR activation occurs during cellular processes such as differentiation. This long-term physiological form of UPR activation likely takes place as a natural adaptive mechanism to ensure cell survival and effi cient ER function dur- Plasma was collected from C57BL/6 mice fed a high-fat diet with or without 4-PBA supplementation at 120 days. Nonfasting glucose (n = 7), triglyceride (n = 8), and cholesterol (n = 7) concentrations were determined as per the manufacturer's instructions. * P р 0.05 and **P р 0.005 compared with 4-PBA nonsupplemented on the same diet. TABLE 2. Plasma concentration of insulin, adiponectin, and leptin in high-fat diet-fed mice supplemented with or without 4-PBA Plasma was collected from C57BL/6 mice fed a high-fat diet with or without 4-PBA supplementation at 120 days. Insulin (n = 7), adiponectin (n = 6), and leptin (n = 7) concentrations were determined using ELISA kits. *P р 0.05. clinically used to treat urea cycle disorders in children as well as sickle cell disease and thalassemia ( 27 ) . 4-PBA was shown to be an effi cient ammonia scavenger in C57BL/6 mice with hyperargininemia ( 71 ) . Its function as an HDAC inhibitor and anticancer agent ( 64, 65, (72) (73) (74) as well as its potential as a therapeutic approach for the treatment of amyotrophic lateral sclerosis ( 28 ) have also been demonstrated. We chose to use the 10 mM dose of 4-PBA in vitro and 1 g/kg/day of 4-PBA in vivo, based on the study by Ozcan et al. demonstrating that 4-PBA can restore glucose homeostasis, improve insulin sensitivity, and resolve fatty liver disease in the ob/ob mice, a model of type 2 diabetes ( 14 ) . In contrast to the study by Ozcan et al., high-fat dietfed C57BL/6 mice supplemented with 4-PBA did not have lower plasma insulin levels or improved fatty liver disease, and these dissimilarities likely refl ect differences in the strain and sex of the mice (male ob/ob versus female C57BL/6) and duration of the 4-PBA treatment (20 versus 120 days). Though Ozcan et al. did not fi nd an effect of 4-PBA on body weight over the short duration of their study, we were interested to explore the ability of 4-PBA to affect diet-induced obesity over a much longer time frame. In addition, since 4-PBA is currently an orally administered drug ( 75-78 ), we tested its effi cacy by dissolving it in the drinking water. Consistent with our in vitro fi ndings, 4-PBA-supplemented mice had decreased GRP78 expression in the epididymal adipose tissue, indicating decreased ER stress/UPR activation. Interestingly, a recent report indicated that 4-PBA can decrease ER stress in the hypothalamus of obese mice and enhance leptin sensitivity ( 19 ) . Therefore, this may represent an additional axis through which 4-PBA can be utilized as an anti-obesity treatment. Plasma leptin and adiponectin concentrations were measured in our study, and the decrease in these hormones was directly proportional to the adipose tissue mass, refl ecting a decline in adipogenesis in vivo. The decrease in plasma glucose and triglyceride concentrations in the 4-PBA-supplemented mice was likely a refl ection of the lower body mass and adipose tissue mass in this group. Taken together, these results confi rm the in vitro fi nding that 4-PBA can attenuate ER stress and inhibit adipocyte differentiation/maturation, lipid accumulation, and adipocyte hypertrophy.
A combination of adipocyte hypertrophy and hyperplasia lead to an increase in adipose tissue mass and obesity. Our fi ndings show that 4-PBA-supplemented mice on average had signifi cantly smaller adipocytes and fat pad weight. We hypothesize that similar to our in vitro fi ndings where 4-PBA treatment at various stages of adipogenesis affected tiation process, but more strikingly in the later stages, is important as it indicates that 4-PBA is not affecting the clonal expansion or preadipocyte growth arrest that occurs during the early stages of adipogenesis. Moreover, 4-PBA treatment at a stage when UPR activation occurs (day 2 onwards) had the most potent effect on lipid accumulation and adipocyte differention, confi rming our hypothesis that 4-PBA likely blocks adipogenesis through attenuation of UPR signaling. Furthermore, co-treatment of 4-PBA with the PPAR ␥ agonist rosiglitazone drives the adipogenic pathway, and this alone results in enhanced UPR activation and GRP78 expression. Consequently, rosiglitazone can partially rescue the 4-PBA-mediated repression in adipogenesis.
It was surprising to fi nd CHOP expression upregulated with 4-PBA in 3T3-L1 cells and loss-of-function studies revealed that upregulation of CHOP was not the mechanism by which 4-PBA inhibits adipogenesis in vitro. Additionally, CHOP was not upregulated in the adipose and liver tissues of 4-PBA-supplemented mice (data not shown). We explored the possibility that 4-PBA may be blocking adipogenesis through mechanisms unrelated to UPR signaling, such as changes in NF B or ␤ -catenin, both of which have been shown to inhibit adipocyte differentiation (44) (45) (46) . However, these proteins were unaffected by 4-PBA treatment. A well-documented mechanism of action of 4-PBA is its function as a histone deacetylase (HDAC) inhibitor ( 64, 65 ) . It is therefore possible that its histone acetylase activity may be partially responsible for the inhibition of adipogenesis. However, recent fi ndings on the effect of HDAC inhibitors on adipocyte differentiation are not conclusive. Most studies indicate that HDAC inhibitors stimulate adipocyte differentiation in 3T3-L1 cells (66) (67) (68) (69) (70) , while one study suggests that inhibition of HDAC blocks adipogenesis ( 62 ) . Because the overall fi ndings of these studies imply that HDAC inhibitors act as stimulators of adipogenesis, and we found 4-PBA to have an inhibitory effect on differentiation, an HDAC-related mechanism of action can be excluded in this study. We suggest that reduced UPR signaling with 4-PBA through diminished splicing of XBP1 and/or decreased phosphorylation of eIF2 ␣ play a significant role in its ability to block differentiation, as these genes are modulated during the normal course of adipogenesis and cells defi cient in PERK or XBP1 exhibit impaired adipogenesis. Furthermore, decreased ER chaperone expression likely potentiates these effects as the cells become defi cient in the ER folding machinery.
It is noteworthy that 4-PBA has other physiological functions in addition to its chaperone properties. It has been Plasma was collected from C57BL/6 mice fed a high-fat diet with or without 4-PBA supplementation at 120 days. Using bead fl ow cytometry, the concentration of each infl ammatory marker was measured. IL-12p70 (n у 6), TNF ␣ (n = 7); IFN ␥ (n = 7), MCP-1 (n у 6), IL-6 (n = 7). No signifi cant differences were found.
by guest, on January 18, 2018 www.jlr.org Downloaded from 4-8) or high-fat diet + 4-PBA (lanes 9-13) were separated on a 10% SDS polyacrylamide gel. Membranes were probed for KDEL (to detect GRP78), PPAR ␥ , or phospho-eIF2 ␣ . GAPDH was used as a loading control. Differentiated 3T3-L1 cell lystate (lane 1) and protein lysates from HeLa cells treated with the ER stress-inducting agent tunicamycin (lanes 2 and 3) were also loaded as positive controls for PPAR ␥ , GRP78, and phospho-eIF2 ␣ expression, respectively. B: Band intensity quantifi cation analysis demonstrated a signifi cant decrease in GRP78 in the adipose tissues of 4-PBA-treated mice (* P = 0.001; n = 5). No signifi cant difference was seen in PPAR ␥ or phospho-eIF2 ␣ expression between the two groups of mice. C: Mac-3 staining of the adipose tissue. The epididymal adipose tissue was stained with an antibody against Mac-3 to detect infi ltrated macrophages. Representative images are shown. D: Total liver lysates from mice on high-fat diet (lanes 1-6) or high-fat diet + 4-PBA (lanes 7-12) were separated on a 10% SDS polyacrylamide gel. Western blot analysis was used to detect the ER stress markers GRP78 and calreticulin, as well as PPAR ␥ and ␤ -actin. No signifi cant differences were seen between the two groups. E: Detection of fatty liver in mice fed high-fat diet or high-fat diet + 4-PBA. Fixed and paraffi n-embedded liver samples were sectioned, deparaffi nized, and stained with hematoxylin and eosin. Representative images from each group showed similar degrees of hepatic steatosis. F: Quantifi cation of hepatic triglycerides and cholesterol esters. Approximately 150 mg of frozen liver tissue was homogenized, and triglycerides and cholesterol esters were extracted. No differences in triglyceride or cholesterol ester concentrations were observed between the two groups of mice (n = 4).
by guest, on January 18, 2018 www.jlr.org Downloaded from lipid storage and adipogenesis, 4-PBA in vivo is likely not only affecting adipocyte differentiation, but also playing a role in the maintenance of adipocytes at various sizes and stages of maturation. Therefore, it is possible that 4-PBA is directly affecting the dynamics of adipose tissue remodeling during the high-fat diet feeding. In contrast to the adipose tissue, we found no differences in plasma infl ammatory cytokines or liver morphology, liver ER stress markers, or extent of fatty liver disease in the two groups of mice. Importantly, since adipose mass was reduced with 4-PBA and hepatic TG and cholesterol esters were not affected, it suggests that the lower plasma TG concentration in these mice is not due to enhanced storage in the liver or adipose tissue. A likely explanation is that 4-PBA has lipolytic properties that may inhibit TG formation or enhance its breakdown by rapid lipolysis or ␤ -oxidation in the adipose or liver tissue. Alternatively, decreased UPR activation in the adipose tissue may inhibit the activation of sterol-regulatory element binding protein (SREBP-1) and/or -2, proteins involved in de novo lipid biosynthesis ( 79, 80 ) . Therefore, an SREBP-mediated mechanism of action can also be a potential pathway to investigate since inhibition of ER stress by GRP78 overexpression decreases SREBP activation and reduces hepatic steatosis in mice ( 81 ) .
In summary, we have demonstrated that UPR activation contributes to adipocyte differentiation and hypertrophy. Through the use of the chemical chaperone 4-PBA, we demonstrated that blocking UPR signaling can prevent adipocyte differentiation in 3T3-L1 cells and in the adipose tissue of high-fat diet-fed C57BL/6 mice. Further research into the role of 4-PBA on other cellular pathways and processes may shed more light on its potential as an anti-obesity and anti-diabetic drug. Based on our fi ndings, a better understanding of the relation between UPR activation and adipogenesis in vivo would enhance the discovery of unique pharmacological and therapeutic approaches aimed at reducing the risk of obesity and its complications.
Note added in proof
Additional data in support of Fig. 4 has been added as supplementary Fig. VI , demonstrating that XBP1-defi cient MEFs show reduced PPAR ␥ and C/EBP ␣ protein expression upon stimulation with adipogenic media. These fi ndings reinforce the results in Fig. 4 , indicating reduced lipid accumulation in the XBP1-defi cient MEFs following differentiation compared with wild-type MEFs.
